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PROPERTIES
Of
LIQUID AMMONIA .
INTRODUCTION
.
Object .
The purpose of this thesis is to make a study of the
existing data pertaining to the heat of the liquid of liquid
ammonia and to ohtain expressions for the heat of the
liquid, and the specific heat, in terms of the temperature.
Introductory Remarks
.
In the fall of 1911 the study of the properties of
liquid, saturated and superheated vapor of ammonia was taken
up by Mr. W. E. Mosher of the Experiment Station staff under
the guidance of Professor G. A. Goodenough. They have
examined carefully all of the existing data that is available
and have developed a characteristic equation for ammonia,
similar to the one developed for steam by Professor Good-
enough. They have decided that the work done by Drewes, under
the direction of C. Dieterici is the most complete and reli-
able.
In this thesis, the work done by Elleau and Ennis, Ludeking
and Starr, H. van Strombeck, and Hans Drewes, was carefully
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reviewed, And is presented in the Historical Review which
is incorporated in later pages of this thesis.
The work of Drewes which was taken as a foundation for
this investigation is presented in detail, while that of the
others is given only in a general way.

CHAPTER I
.
• HISTORICAL REVIEW.
Theoretical Investigations
.
Before any experimental researches had heen made,
Zeuner, wood and Peahody made theoretical investigations,
Peaoody from his study of the specific heat of liquid
on
ammonia decidedAa value of 1.1 for the mean specific heat.
This value is a good average for the range from -50 to
100° F.
Wood has carried out several investigations along this
line and has deduced three different equations; the "best
one is :
C = /./Z/3t>-fo. oe>of-36 t
He states that for the lower temperatures it is nearly con-
stant and equal to unity. In the range from o° to 100° F.
he gives the following equation, C= /. 09&- .00/a ~t
This is an earlier equation than the ahove ana gives much lower
values for the specific heat.
Zeuner from his investigations gives the equation:-
C= <'0/2.35-
-f. 0.00 46 8 ('t- 32')
Experimental work has heen done lay Ludeklng and Starr,
Elleau and Ennis, van Strcmheck and Drewes,
Experimental Investigations,.
Ludeking and Starr. -
The liquid ammonia used hy Ludeklng and Starr in their

(5)
experiments was found to contain 0.3 Per cent of moisture,
anci on spontaneous evaporation a small trace of residue re-
mained. They did not think that these impurities were
sufficient in quantity to effect the limit of accuracy sought
for..
A small steel cylinder was used as a container for the
N I8 ; it was cooled in a hath of ammonia, and then filled "by
pouring in with a "beaker; it was stoppered "by a steel screw,
drawn almost tight; on removing the cylinder from the ammonia
hath its temperature went up and the liquid expanded, thus
filling the space; the screw was then turned down tight.
The cylinder and its contents were heated in a Regnault
apparatus hy the vapor of carbon disulphide. After heating
for six hours, it was dropped into a brass calorimeter
containing water. It required nearly two minutes for the
calorimeter to come to its maximum temperature. Three tests
were run and the results were as follows :-
0.897
O.S96
To further check their results they ran a second series
of three tests in which the cylinder and ammonia were cooled
with ice and introduced into a calorimeter containing warm
water. The values for this series were as follows :-
0.S78
O.863
.892
The average value for "both series was
0.8857
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Elleau and Ermis
The liquid ammonia used "by Elleau and Ennis contained
the same impurities as did that used "by Ludsking and Starr,
Their judgment in this matter was the same as that of
LUdeking and Starr in that they did not think that the
impurities were present in quantities that would affect the
accuracy of the results. They also thought that the results
obtained would "be nearer those of actual practice than if
CP.ammonia were used.
They filled the holder as follows: they put it in "blocks
of a vice, and propped the cylinder holding the liquid so
that its discharge pipe was directly over the mouth of the
holder; the other end of the cylinder was elevated. The
low temperature caused "by the evaporation of ammonia passing
through the pipe caused moisture to collect. This made it
necessary to thoroughly cleanse the discharge pipe "before
the taking of each sample. At first the valve was only
slightly opened allowing drops of ammonia to pass through
with the escaping vapor; the valve was then opened and the
holder filled. Some of the liquid was allowed to run into
an evaporating dish in which the cap and pin were placed. The
thread on the holder was smeared with lead and litharge,
the cap was screv/ed in loosely. The contents were allowed
to evaporate until sufficient room had been left to allow
the expansion of the liquid and for the vapor. The cap was
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then screwed down tightly. It had a hole in it leading down
into the holder. The pin was driven in against the pressure
within the holder. The final closing was made "by the pin
and "before the pressure had time to tise. The holder was care-
fully tested for leakage by hydrochloric acid, ocular and
olfactory tests. Not until two weighings were made at an
interval of 16 hours apart could any vapor he found to he . -
escaping.
The C G 8 system was used throughout. The thermometers
for talcing the temperature of the air were graduated to l/2
degree, while the others were graduated to tenths of degrees.
These thermometers were carefully standardized "before "being
used,
The holder and ammonia were supported "by a thread, and
raised into the chamber of the cooler. It was found that four
hours was sufficient for cooling down to 0° C. The actual
cooling time however, was from five to twenty hours. When
sufficient time had elapsed, water was introduced into the cal-
orimeter, and the rate of evaporation determined and the
temperature of the air and water read. Owing to the high
magnifying power of the lens of the telescope used in reading
the temperature of the water the observations could he estimated
to 1/100 degree.
By a quick manipulation the bottom of the cooler was
removed and the holder suddenly lowered into the calorimeter.
It required about two minutes for the calorimeter to reach its

(8)
lowest temperature. After removing the holder it was dried
and weighed.
As a check upon the accuracy of the experiment, water
was introduced and the operation repeated. The water was
heated slightly aoove room temperature "before the pin was
driven. This was done to avoid explosion. The specific heat
was found to he 0.997. a value only 1 /3 of one per cent in
error
.
Altogether they ran 9 tests the results of which are:
1.056,1.037, 1.002, 1,0*4-0, 1.031, 1.020, .983, 1.028, .989,
1.026, average 1.0206 at 18,21° C,
Ledoux's formula with first constant reduced or:
.983^ + .000658t* C. is recommended hy Elleau and Ennis.
Sjp . hi - T°C T°E Lejipux Zeuner Wood Wood Wood
van Stromheck 45 113 1.229 1.17 1-38 1.17 .96
Ludeking and Starr 40 104 .886 1.14 1.34 1.17 .97
Elleau and Ennis 10 50 1.021 1.04 1.10 .98 1.14 l.o4
H. von Stromheck
H. von Strombeck determined the specific heat of liquid
"by the same method that Ludeking and Starr used. The steel
cylinder containing a known amount of liquid KH3 was heated
hy being suspended in a jacketed cylinder means of the
vapor of methylic alcohol which circulated in the jacket.
After the liquid ammonia was heated to a constant temperature,
which required ahout six hours, the steel, cylinder with its

contents was quickly put in the calorimeter which was filled
with a known quantity of pure distilled water at a certain
temperature. By the heat given up to the calorimeter and
its water "by the steel cylinder and the liquid NH 3 the spec-
ific heat was calculated.
The liquid ammonia used in these tests was manufactured
in the gas plant of the De La Vergne Refrigerating Company,
H. van Strombeck was exceeding careful in his experiment-
ing and calculatlngs , He made allowance for the latent heat
of vaporization of the small amount of vapcr of NH S present
in the steel cylinder, at "both the initial and final tempera-
tures, the heat absorbed "by the thermometer in the calorimeter,
and made very elaborate thermometer corrections.
To make sure that his method was correct he found the
specific heat of water to he .99302, by a similar experiment.
In all he ran 8 tests; values for specific heat of
liquid are: 1.22888, 1.20757, 1.2124-2, 1.229^1, 1.22563,
1.22563, 1.22720, 1.25191, 1. 2*1-707.
The average is 1.22876.
Drewes .-
(a) The preparation of the liquid ammonia.
In order to get ammonia sufficiently pure for these
experiments, it was necessary to obtain it from a twenty-five
per. cent ammonium hydroxide solution heated up slowly into a
vapor, then purified, freed from the watetf it contained, and
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finally condensed into the receiving cylinder.
With this in view the ammonium hydroxide solution was
heated slowly in a flask, in a water hath; at 50° C a suffic-
iently strong stream of vapor of ammonia was formed, so that
it could he conveyed through a drying chamher filled with 'quick
lime.
Following this it was passed through a glass worm which
was packed in a cold mixture consisting of cracked ice and salt.
It then entered the tube (g)
which had a right angle hend
in it, the leg of which was 1
drawn out into a capillary tuhe.
The leg *g w passed through the
middle of the rubber stopper M G M
,
through the gl?„ss T piece "T", the
lower end of which joined with tne
filling tube R by means of the
rubber tube S.
The stream of vapor passed out
at "b" rose again into the tube and
went out through the opening "D",
over a mercury receptacle into a
long glass tube and out into the
free air. This was done so as to
make sure that all the air had been
driven out of the tubes and passages.
The tube was placed in a cold
T
1
6
Wa
D 5
A
D
Fig. l.
mixture of solid carbonic acid and alcohol, all of which was
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put in a Dewar flask. Ammonia in excess of what was needed
was condensed, the tuhe was taken off, a water jet pump attached
and ammonia vaporized until the desired amount remained, then
the tube was sealed at the mark " e'
.
(t>) The determination of the Heat of the Liquid.
In the determination of the specific heat of the liquid
the following method was used,-
The ammonia to he tested was in the open air; from this
the tuhe of known volume was filled and then sealed. It was
afterwards heated to a constant temperature and put into an
ice calorimeter. By this means the amount of heat in the tuhe
and its contents was determined.
The portion of the heat ahsorhed "by the glass was found
"by an experiment in which the glass tube was exhausted, and
tested for its specific heat. The amount of heat ahsorhed hy
the tuhe and liquid was determined from tests. From this the
heat of the liquid can he found, and the specific heat calcul-
ated.
The following discussion is due to Professor Dieterici:-
Let V he the volume
of the tuhe, M the
entire weight of the
ammonia, m, and mQ
the weight of vapor
3* formed at T and To
TV, -- V- M, (T
Fig. 2.
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w. . Y- ***L
wherein B-^ ,
s
,
o~, and (£" denotes the specific volume of the
vapor; and of the liquid at the temperatures and TQ
In the diagram S denotes the saturation curve, lines T and T c
are isothermally for the temperatures T and T D , so the state
of the vapor liquid mixture at T is represented "by the point
"A" , and that T G by the point A D .
The ammonia in the closed tube had "been cooled at constant
volume from T-^ to To, so the state of the system at constant
volume is shov/n by the vertical AiA G in Fig. 2. With a change
at constant volume no external work will he done, the energy
change "between T-|_ and T D is the observed heat of the liquid.
This energy change can he calculated only in the following
two ways:-
1. This was done with the substance at constant volume
under a mark, which fixed the saturation pressure p ; also the
s
point A1 of Fig. 2. In condensing the volume of the vapor
diminishes and continues to do so from V at M along this
isothermal from A1 to B 1 . By holding the temperature constant,
the heat of the vapor mass and latent heat is deduced.
Then in general
when all quantities are measured in the same units.
?<= - f, + mfis °t)
and mqL is the energy change of the system at the change of
state A-^, Fig. 2.
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~r
^if>s(sr cr J = the external work done.
Now further cooling the liquid under the saturation
pressure at temperature T
,
along B B , the heat becomes
- J~n Cs so the conclusion is that the
external work is ^/l <r
J
J £ so likewise the energy
changes along B B G
The specific heat cQ as here defined represents the energy
change of the liquid NH S along the saturation curve; "but was
obtained from it in the same way as the inner heat ttq n of the
vapor was found by deducting the external work from the total
"r". This specific heat C D; likewise the inner specific of the
liquid NH 3 at saturation pressure is calculated.
If along the third isothermal at T the volume is
represented by M D , at B of Fig. 2 and at the point A of the
figure, the volume is increased to it follows that
fs = K = ^Tlo <g -f- 777a/' * (So~OZ)
The total heat along the path A
1
B1B A is
and the energy change pyr
This is similar to the research made with the heat of the liquid
in the closed tube experiments.
(2) By passing from the point a1 to point A in Fig. 2,
along the path A^BoAo it is seen that along A-jB-jthe heat

(1*)
The energy change U < - k / 7
along B B the heat q 2 = ^*yi
the energy change U 2 = ^tl^ " ^* Jt^ ^
*
where ha = the specific heat of the saturated vapor
h = the inner specific heat of the saturated vapor
o
along BoAo the heat q 3 *
the inner energy change U 3 = (/^f %<>
The total energy change along the path hecomes
[cfUj
m
= &<f- ">)?' + (/Vf- Mffi* JT
The equation for the energy change hy hoth Methods remains :-
f
7'
' (C<,-A*)ctr = -ft +fa or C a -A * -*z.
This is known as the equation of the mechanical heat theory
then = -/6*(s-<r) , also
slnce ca -A. = - 0- we have ^ , ^
Go-"*- j T T jT K
now d£±(4-<r)= also
£7 7" f
c s -"s -
-f="
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In the equation for Drewes 1 experiments with closed
tube the observed heat
The first two members of the equation show that if the
volume of the tube is large in proportion to the total amount
of the liquid, so much heat would "be lost on account of the
large vapor space that the accuracy of this method would he
greatly impaired.
Therefore in these experiments tubes of not over 1500
cu.mm were used, and these were filled with not less than
^OO mg of ammonia. In this manner the vapor space was
reduced to a minimum, and so in the first member of the equation
the correction factor remains constant, and the heat loss due
to the size of the vapor space is only a small percent of the
total. First Q was measured, then the connection factor in the
first set of observed data was determined.
culated. From this the inner specific heat of the liquid
"between t°-j_ and t was found.
where c Dm = mean specific heat.
(c) The Glass Tubes and Their Construction.
The shape of the glass tubes in these tests is clearly
shown in Fig. 1, where one is set up ready to be filled. The
correct volume was found by filling up to the mark "e" . A
small correction factor in the volume was thought to be
Codv was cal-
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necessary, because of the slight change in volume when the
tube was sealed. It came out such that the correction factor
in the first of the two members was small in proportion to the
temperature measurement. The filling and determination of
weight has already been described. By subtracting the weight
of the glass tube from the gross weight the weight of the
contents was found.
(d) Experimental Methods.
The measurement of the amount of heat given up wq.s ac-
complished with an ice calorimeter, which in course of time
was improved considerably \ cf Pig. 3-) The dimensions of the
real calorimeter receptacle were made in consideration of the
amount of heat to be absorbed, and dissipated.
The inside diameter of the
thst flask was 16 ram, and
on the side of the core glass
was a light strip H- cm wide
and 22 cm long. The neck-:
of this covering was 4- cm
long. Following the method
of Bo/ is a stratum of air
was formed through passage
over the bell glass L,which
since it was below caused
the air to pass over a
rubber ring and out through
a small rubber tube. The
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Fig.
neck of the calorimeter
was made air tight. The
entire apparatus was stored
in an accumulator "beaker,
that was filled with dis-
tilled water, on the walls
ahout the freezing com-
pound a non-heat conducting
material was placed, "between
the walls, in which pieces
of ice floated about. This
beaker stood upon a "bracket
in a large zinc plate container filled with an excess cf "broken
ice, which was renewed daily. As a second precaution, a vessel
filled with cracked ice was placed near the calorimeter. The
capillary tube MK" (Pig. 3) goes out through the small opening
"S M ; the heated tube which was closed with a cork was easily
removed "by taking off the cover "D" , The entire vessel up to
the overflow was protected from the escape of heat "by a felt
covering. The inside of the test flask was filled nearly up
to the middle with white paraffin, "by the use cf hydraulic
pressure. The length of time which the test required was found
approximately. For a more detailed description cf the operation
of the air casing, construction and operation of the ice calori-
meter see Dieterici in the Annalen der Physik, 1903.
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The amount of heat given up to fusion by the small exper-
imental glass tube, when placed in the above apparatus was found
by the method of schuiler and Martha, by filling the tube
with mercury, weighing and determining the amount of mercury
it took.
In order to find the temperature to which the tube was
heated the following apparatus was used (rig. It was
made up of two brass tubes ri and r a , which are joined together
by the plate AB. The bone stick M s" which supports the glass
tube passes through the passage a b.
The outside walls of the entire apparatus were covered
with felt so as to prevent loss of heat by radiation. The
stirrer "r" is in the hollow space between the two brass tubes.
The thermometer used to measure the temperature protruded out
through the cork in the smaller brass tube. This was a
Centigrade thermometer and was calibrated by comparison with
a standard.
The higher temperatures (i.e. above 20° C) were measured
with an electrical thermostat as shown in Fig. 5.

The heat chamber "H" was surrounded "by a perforated brass
plate and was Inside the porcelain cylinder »P W . The brass
tubes g anr' g1 lead out from
WH M , the thermometer extends out
of the heat chamber and passes through the a cork, making a tight
joint. At top and bottom the cylinder is closed with a strong
asbestos plate about 9 cm thick. In the upper end of the heat
chamber there is a hole in thick brass cover plate through
which w passes, which allov/s the stirrer to be operated from
the outside. A wood section "h" is placed in the stirring rod
to prevent heat from being conducted to the outside.
is
The wood cylinder cVvOund with a number of tuns of copper
wire, which from top to bottom forms a thin coating., The whole

(20)
apparatus was placed in the zinc cylinder "Z" whose "bottom
was covered with a thick layer of felt , having an opening
through which the tube "g" passed. The chamber "between the
wood and zinc cylinders was filled with hair. A thick layer
of felt covered the outer zinc cylinder.
The calorimeter was suspended "by the cord S which passed
over two rollers and held the whole weight "by the other end.
By this scheme the heavy apparatus could "be handled easily and
quickly. The thermometer used here was of the same grade and
divided the same as the standard.
For the experiment at 16** the apparatus shown in Fig. 6
v/as used. The glass tube was supported "by the tip "s" on which
the glass projection ug M was fastened. The glass vessel- "G M
was filled with a freezing mixture of ice and salt. The therm-
ometer used had its zero established this mixture and the read-
ings were corrected "oy it.
At -78° the plain tube under the closed glass tube was
used; it was closed with a cork through which a Pentantherrnometer
protruded, the whole was placed in a mixture of carbonic acid
and alcohol, and put in a small Dewsr flask.
(3.) Method and Results of Research.
The ice calorimeter was put in an unheated room, which
faced north. This became its permanent place. A Boy 1 a air
chimney was installed and the work was done so well that condi-
t ions remained so constant and were so easily held the same
that they had to be slightly adjusted only twice daily.
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The heat unit used was the mean calorie and (method of
procedure was taken from C. Dieterici, Annalen der Physik
and Chemie 33 p. ^31, 1888) the weight of mercury drawn in,
which corresponded to the amount of ice melted*
The specific heat of kindred species of glass was
determined from the preliminary tests. A glass tube of the
same kind as the ones to "be filled with ammonia and tested in
later experiments was exhausted and used in the preliminary
test. In a test at a temperature t, as before mentioned P
milligrams of mercury were drawn in when the ice in the
in
calorimeter melted, p = wt . of tube grams; the mean specific
heat of the glass tube between t° and 0° = g in mg hp:
pt g°c
This value was determined for widely separated temper-
atures and plotted as ordinates against temperatures as
abscissae. A smooth curve was passed through the points,
from which the values for the mean specific heat of the glass
was taken in later calculations.
A glass tube with walls 2 mm thick was used to withstand
the high pressure of the saturated ammonia vapor. There was
so much glass in the tubes that only ift of the heat in the
ammonia was given up. It was necessary on account of this to
multiply the amount of heat given by the ammonia by four,
which correction reduced the percent error and made the
determination agree with that of the specific heat of glass.
Perhaps a calculation of a second set of experiments » in
which tubes having thinner walls were used, will be made. It
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was the purpose tc make these tubes thin enough so that l/2
of the heat of the ammonia would "be carried away.
At this time the tubes were filled with commercially
pure ammonia obtained by the distillation process.
A large number of observations were taken for the
experiment; the thermometer was so securely fastened in the
apparatus that for 1 /2 hour "before the tube was put into the
calorimeter the temperature did not vary l/lo degree from
the highest . Had it not been for the careful preparation
of the tubes for the experiments at -16° and -78° as high a
degree of accuracy could not have been attained. This also
is pointed out in the results. The temperature, time and
weight of mercury was taken at both the beginning and end of
the test. Similar temperatures of the two different kinds
of tubes in each of the two experiments was made nearly the
same.
In these experiments the outstanding sources of error
w ere of twp kind^, namely:
1. Calorimetric . 2. Therrnometric
.
The first source of error was, as the method has already
shown, constantly small and of little importance. The therrno-
metric error leads to the greatest inaccuracy at the lower
temperatures. There the percent of inaccuracy appears as follows :-
The temperature readings are accurate to l/lo°.
At 70° the error is 1/7$
At 10° the error is 1$. on account of the thickness of
glass it will not be necessary to multiply in the factor wMch
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now is unimportant.
The variation "between the different values for the thick
walled tube at 20° is at the higher temperatures for
the thin walled tube, the variation at 20° was 3$ and at the
higher temperatures 2$>.
As a means of "better explanation for each Kind of tube
used a record of data as an example is given.
Designation of tube
Thick Walled Tubes .
IV II IV II
wt.of glass tube in g. 7.08*11 10.004-26
" FH S put in g.
'» Hg drawn off
in. nig.
Corrected wt.of Hg
Equiv.wt. of glass
in Hg. in mg.
Remaining Amt . for
NH3
Temperature
Correction for inner
latent heat ,calor ies
Com in calories
7.034-1 10.14-26
.404-4-
.0995 .04-04-4- .6995
U.5S.300 1710.2 114-3.6 1693 •
114-9.01161
.3
825.9
308.4-
M-7
1713- 4-
1180.0
533-4-
40.8
84-3.2
305.
8
4-1.3
1696.
7
1175.5
521.2
4-0.7
0.4-4-4- 0.366
1.1560 1.1976
0.4-26
1.604-
O.366
1.727
Mean value Cm = I.717 for temp, of 4-1.1° c.
Thin Walled Tubes .
Designation of tube II IV 11
wt.of glass in tube mg. 3.4705 3.5189 3.4-705
« " NH 3 put in 0.4-64-1 0.53.08 .4-64-1
w Hg drawn out , in
IV
mg 750.0 804-.5 780.1
3. 5189
.5308
813.2
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Thin Walled Tubes. (Continued)
Designation of tube II IV %! IV
Corrected wt. of Hg
in rag, 752.9 807.5 783.2 816 .2
Eq.uiv.wt.01 glass
in Hg 4-03.5 4-21.2 4-20.5 4-27.9
Remaining Amt . for
NHs rag. 34-9. £ 386.3 362.7 38S.3
Temperature 4-0.6 ^•1.75 4-2.25 4-2 .4-0
latent heat in calories 0-775 0.566^ 0.795 0.575
C cm in calories 1.1610 1.1626 1.1575 1 .1504-
Mean value Com = 1.1579 for temp. of 4-1.75°
The mean Values from the results of the! experiment s are
as follows
T in 0°C. Kind of tube. Mean Value.
-76.9 thin wall .7368
-14-. 85 1 " 7065
11.8 M «
.9735
19.7 " M 1.0689
21.35 thiclc wall 1.0975
30.36 thin wall
31.21 thiclc wall
1.14-02 x
1. 14-79 ;
1.144
4-1.10 thiclc wall
thin
1.1717*
1.5379' 1.164-8
51.8 thiclc wall
51.95 thin wall
1.1858.
1.1627' 1,174-
59.60 thiclc wall
62.50 thin wall
1.1866,
1.175
70.20 thin wall
72 .60 thiclc wall
1.179^
1.205V 1.192
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(f ) The Value of the Results Obtained.
In order to ascertain the value of the results obtained
and to make them more clear, a curve was plotted having
temperature as abscissae and the values of the inner specific
heat plotted as ordinates (cf. plate 1.) The values for the
thick walled tube are designated "by circles; the values for
thin walled tubes "by crosses. The values for the thick walled
tube are found to lie on the upper side of the qurre from M-o°
on up. The supposition that another factor might appear in
"both kinds of tubes can he easily explained, one was filled
with commercially pure ammonia while the other was filled with
a concentrated ammonia .solution. The greatest variation between
the two calculations was only 2$; the prohahle error in the
mean of the first calculation was ahout 2$, and that for the
second calculation amounted to probably 1$,
It would seem unwarranted to continue the discussion without
more experimenting; then we must therefore plot the desired
curve nearer the values of the second which seemSd to he the
more accurate.
In laying out the curve at the lower temperatures, the
fact that the values were only approximately determined must he
taken into consideration, l/X)j° cannot he taken as accurate
enough ajr +10° for the total error would he 1$, which as pre-
viously mentioned increased the error for the heat of ammonia.
It was impossible to keep the apparatus at constant temperature
"below 0°, If all possible inaccuracies are carefully considered
the curve on Plate I will he gotten, in which between +20° and 70°
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an accuracy of within about 1.5$ is attained; and from 20°' - Of
an accuracy of within 9jb.
The values for Com recorded in Table 1 were taken from this
curve for 5 degree intervals. For C a lineal function was
substituted. If the total external work pa ~~ were added to
Co we would have Cs; at the observed temperature ps^2" is extra-
dt
ordinarily small, so it can be neglected and Co may be put equal
to Cs.
Then the heat of the liquid becomes
"In the following calculations the value of the latent heat
(r) is used and therefore must effect the values already found.
Until the present time a sufficiently close means for correcting
the observations was to take a constant quantity away from them.
It probably would be better if the amount subtracted became
smaller until the critical temperature was reached and then
become zero. Prom the calculated values in the table, a constant
quantity was subtracted only from the values from +10° on up.
In the interval between 0° and 10° a small quantity amounting to
about l<fo was added. This can easily be justified because in
the determination of specific volume, the method used below
+20°C was burdened with such great inaccuracy that with
building up of the differential dps from Regnault's data, it
at
was with difficulty that the percent error was made to appear
small enough. An error of H$ was allowed for from 0° and as
much above as possible. Drewes took the calculated values of
r as ordinates and temperatures as abscissae and ran a smooth
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curve through the points from +70° to +20° and then extended
«
it in a manner suitable to the rest of the curve without
paying any attention to the points laying far out. These are
shown in Plate 2. The equation for this curve is
i-r = 24-9 .SO - 0,1756t - 0.005824-t 2 ; from this equation
the Talus of r in Table 1 were calculated. From the addition
of the latent heat and the heat of the liquid the total heat
"becomes
(1) C. Dieterici Annaien der Physik 6, p. 363, 1901.
After the values £ and dr are gotten, as in Table 1, the
t dt
values for the specific heat of saturated ammonia vapor could
"be calculated, which likewise was compiled in Table 1. The
presence of the negative sign shows that the ammonia during
expansion rem ins close to the upper "border curve placed upon
the water vapor side.
When h 3 is considered, ps &a "becomes negligable and as a
result h = h the inner specific heat of the vapor of ammonia,
(cf. Table 1.) If the values in the table are examined it will
"be seen that the external work has great influence upon the
result in the above mentioned specific heat of the liquid.
In the calculation fcr the refrigerating machines, this
function will play an important part
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)
The next problem is to solve for t. First the value of
£s is calculated, taken as ordinates, where temperatures were
t
taken as abscissae, and a smooth curve was passed through
the Known points. From this curve and having values for
abscissae a smooth curve was extended so as to he in harmony
with the rest of the curve. The values of t in Table 1 were
taken from this curve.
Comparison with Other Invest igatorf*
.
Other investigations concerning the specific heat of
liquid have been conducted in a very acceptable lranner by H.
VQn Strombeck, whose method was to heat the ammonia in a steel
cylinder and to measure the heat given up, by means of a
water calorimeter, which by different experiments found values
whose greatest variation was 4$.
He determined the specific heat only for one temperature
and the mean at 62°, the cylinder was cooled to about 30°.
The mean value for eight experiments was
Qs (62-~+3°*J * /,g,g>8 7& in French thermal units,
which calorie was used by Regnault for the amount of heat to
raise 1 g.of water from 0° to 1° C.
Drewes^ value for same temperature is C s = 12.33V.«7he
agreement is very good.

(£i )
Q Com. C C
.876 .876
5 .968 1.060
10 1.034 1.140
15 1.075 1.169
20 1.100 1.190
25 1.121 1.207
30 1.136 1.218
35 1.149 1.225
40 1.159 1.231
45 1.167 1.235
50 1.174 1.239
55 1.180 1.240
60 1.185 1.240
65 1.189 1.238
70 1.193 1.233
TABLE 1^
q r
In calories
from Exp.
242.15
4.84 244.94
10 . 34 245.71
16.12 245.28
22 .02 244.11
28.02 241.77
34.09 238.59
40.20 236.53
46.34 233.37
52.51 230.12
58.70 226.46
64.90 222 .82
71.10 218.47
77.30 214.66
83.48 210.16
r h
In calories
from calculation
249,80 249.80
248.78 253.62
247.46 257.80
245.86 261.98
243.96 265.98
241.77 269.79
239.29 273.38
236.52 276.72
233.46 279 .80
230.11 282.62
226.46 285.16
222.42 287.42
218. 30 289.40
213.78 291.08
208.97 292.45
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TABLE I
.
r/T ar/aT v,n p as/al
in oai.
n r< /itL./ i L
.9150 . 1765 . <J155 U . Dooy ^ en/. 4oU<t . uuotuy AAAAA* uuuuu
.8949 0770 . 068 / . DO ID aa l . Ul / DO
.
8744 . 2921 . 0265 . / 515 70 ka r\r\A r\00 . Uo flu
.8537 *7 r— f~\, 3503 . 0350 . 7596 . /<s4d . uu4uoy ri n^ 7. 05 / 00
.8326 .4086 . 0512 r\ ry n r\ry.760
/
. / iy
o
. U04Uol O r? ry /•». / /68
.8113 .4668 .0711 . 7596 . 6885 . U04050 An *l c\ n. 09796
. 7897 • 5^50 . uy o / o ry a pro . 0*tdD . UU4UoU n Bio. llo lo
.76 /9 r n 7 7• DOOO . loO<> u . /<ooy . duu ( OA "7 17 . loo lb
. 7459 . 6415 . 1564 . (doc- . 5 / 68 AA7077 . 15 /94
.7236 r* c\ c\ o. 6998 . 1884 n Tine. / lUb AA XQQ A 1 T7 A O. L 1 /4o
0.7011 .7580 .2201 0.6972 .4771 .003836 .19678
0.6784 .8162 .2546 0.6861 .4315 .003780 .21582
0.6556 .8745 .2801 0.6741 .3940 .003724 .23458
0.6325 .9327 .3272 0.6642 .3370 .003663 .25305
0.6093 .9910 .3673 0.6544 .2871 .003593 .27119
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C. Dleterici.-
Sp.heat of the liquid determined by Brewes is reliable
at temperatures over 30° C; but not good toe low. (Verified "by
Dieterici, however.)
He measured the amount of ammonia, put in a strong glass
tube, free from air and pure. The weight of the empty tube and
that of the full tube was taken. Therefore the weight of im s
is known. The tube was heated in a thermostat to t° and then
put in a Buns en ice-calorimeter. The heat given up by the tube
and contents was observed. A parallel experiment was run with empt,
glass tube exactly like first, to get heat equivalent of the
glass tube itself. The difference gives heat Qt given up by
an amount M of NH S in the tube.
Call this the specific heat of the vapor mixture at
constant volume since no extermal work can be done in the melted
together tube.
From this we can calculate the heat of the liquid. If v
is the vaiume of this tube then the mass M will separate into
masses of liquid and of vapor, which depends upon the tempera-
ture.
Then V = ( M - m)<r+ rag, where m is the mass of the vapor,
and s the specific volumes of liquid and vapor; also
777= V^MjT is a function of
yS - cr
temperature since s and are such.
Theoretical discussion shows that the heat given up in
cooling froa t to may be expressed as

(3&)
where P = internal latent heat and (mP) t D is the difference
of heat content of the amount of vapor in the tube at t° and o°
;
that is, the heat of the liquid under saturation pressure,
C
g
minus the external work, so that
c£ = Cs -A
Practically
±
and C
s
are equal, for as long as we are
not near the critical temperature the external work of expan-
sion of liquid is extremely small, and = c .
s
The resulting data may he expressed hetween 0° and 70° C
hy a simple linear function of the temperature. According
to experiments we can represent within an accuracy of perhaps
Q> _ // /& -fa.ooS.oB-t
Results are in good agreement with the observations of
Strombeck, which give as average specific heat between 62°
and 30° C = 1.229. Tne agreement is less good with Slleau
and Ennis,who give between 0° and 20°.
C * *9e*4+aoo<>6S9t
, that is a less value at
0° and a greater increase with temperature. At lower tempera-
tures Drewes found values lower than the above law gives;
( Checked by Dieterici) who used reliable electric method of
temperature determination.
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CHAPTER II.
DETERMINATION OE EXPRESSIONS
for
Heat o£ the Liquid.
The heat of the liquid was found by subtracting the latent
heat from the total heat of the saturated vapor of ammonia.
The total heat was calculated from the equation:-
C ~ Q.3&aT-s- o. crooc ?7r- -Q. a. o/ffj-/> V J->~f.oA7~^ Where /OJ-a. /& ^j-?3 s -
which was obtained from the characteristic equation for
ammonia as derived by Professor Goodenough. The latent heat
was calculated from the equation:-
After making the atoove mentioned subtractions, the
various values for the heat of the liquid were plotted as
ordinates and temperatures as abscissae, and a smooth curve
(See Plate 3) drawn through the points. The equation of this
curve is:
which was obtained in the following manner:
A third degree equation was determined upon because of the
flatness of the curve, and so as to be able to have a closer
agreement between the calculated values and those obtained by
subtraction.
The values for the heat of the liquid obtained by sub-
tracting the latent heat from the total heat of the saturated
vapor of ammonia had a range of from -50° F to 200° E. (cf.
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(3
curve on Plate 3
.
)
The constant -33. 68 is the heat of the liquid at 0°F
and comes in because the heat is "being determined with reference
to 32° F . Five points were selected; -30% 32° 100° 150° and
200' F« In the first group of simultaneous equations the points
32% 106 and 150° measured, the equations are:
•3 = a 3 2L + 6 J2 af Q 3z 3 - 3 3.63 (3a°J
Wfs a 'So + b -hC -33 68 (/So)
by solving the above equations simultaneously the values of
the coefficients "become
a = 1.05665, to =-000010235, c =.000005^1712
the equation is
C"= /.OS-USt - 0.000*' oZ3St
+00 000 aS4'7/2.t -33 6
(Che second group of simultaneous equations is:
.3 = -t-6 32L* +C ?2J - 33.63 C**
m)
-8S.6?= afso) -tbso* +c (so)
3
~3 3.6a (- so")
by solving the -second group simultaneously the constants become
a = 1.05069. b = +0.00^235^8, c = 0.00000355668
the equation is
L
" / o6-o69 -t+0.Oooa3S*l-8t* ±_o.oxxxjoZSS668 - 33 33
a
-
The third group of simultaneous equations is:
5 = u3s. + h3a z -h c 3 z 3 - 33.68 (3sV
773- a /oo
-J-&/oo* -j-c/oo 3 — 33 63 C/°°°)
2z4.sr3 * a e.o° +^2°°* -+c zoo3^ 33.6
e
by solving these equations simultaneously the Constants become:

(3g;
a - l.o6o42, Id =
-0.000163572, c = .00000659358
the equation is:
Each of these final equations for I hits the points 0°, 32°
and 100°. If we take the average of these constants found "by
solving the three groups of simultaneous equations, the average
equation will also pass through these points. The average and
final equation is:
Tais equation is excellent for the range -30 o "F. to 160° 3?
.
Above 160° it gives values too low. Values for each 5 degrees
interval were calculated and afterwards plotted to a very
large scale, from which the values in Table 2 were taken.
The agreement between the values calculated from the equation
and those derived by subtracting the latent heat from the total
heat is shown in the following table:-
i B ( calculated
)
i - r = i"
-40°
-75. 217
.
-75.31
...
-20°
-54.730 -54.56
0° ~3 3. 68 -33.68
+20°
-12.53 -12.59
^0° +89.21 + 8. 88
60° +30.867 +30.87
80°
___.5_3.5SS 53,60
100°
.
77.300 77.30
120° 102.283 102.2^
140° 128.777 128.83
160° 157.031 157.52
180° 187.293 189.03
2 00° 219.816 224,53

TABLE £.
Heat of Liquid, Specific Heat. Heat of Liquid. Specific Heat
-50 -*5.*7 1.092S - 9 -43 .10 1.0569
-84.64 1.0912 - 8 -42 .06
. .
1.0567
48 -S3. 60 1.0897
__l_Z -41 ,02 1.0565
47 -82 .36 1.0883 - 6 ~3.9 • 9.8. 1.0563
46 -31.52 1.0870
_5_„_^-3.9,..,S4 1.0561
*5 -80.48 1 .0856 - 4 ^r3J^± 1.0560
44 -79.44 1.0845 - JL -36 .84 1.0559
43 -78.40 1.0830 - 2 -35.79 1.0557
5l~ -77 .37 1 .0817 - 1
___I^.73 1,0556
41 -76.34 1.0805
..
-3?. 68 1.0555
40 -75.30 L.^J.9J_ -f 1 .. -32.62 1.0556
39 -74.26 1.0781 2 ..-3.I.56
,
1.0557
__3.S -73.22 1.0770 3 -30.51 1.05^8
II. -72.18 1.0758 4 -29.46 1.0560
36 -71.14 1 .0747 5 -28.41 1.0562
35 -70.11 1 .0736 6 -27.35 1.0564
3U
_ -69.t07 1.0725 7 - -26 .30 1.0567
33 -68.03 1.0715 8 -25.26 1.0571
52 -67.00 1.0705
_9 -24.22 1.0575
31 -65 .96 1.0695 10 -23.17 1.0578
30 -64.93 1.0686 11 -22 .11 1.0582
29 -63' 90 1.0677 12 -21.05 1.0586
28 -62.86 1.0668 23 -20 .00 1.0590
27 -61. 82 1.0659 14 -19. 9^ 1.0595
26 -60.78 1.0654 15 -17.88 1.0600
25 -59.75 1.0642 16
-16_J$3_ 1.0605
24 -58.71 1.0636 17 -15.77 1.0611
23 -57.67 1 .0630 18 -14.71 1.0617
22 z56.<63 1 .0625 19 -13-64 1.0623
21 -55.59 1.0619 20 TO f— —7-12 ,57 1.0629
20 -54.55 1 .0613 21 -11.51 1.0635
19 -33.51 1.0607 C C- -10 . 45 1.0642
IS -52.47
.
1,0601 2 5 - 9.3S 1.0650
17 -51.43 1,0596 24 - 8.31 1.0658
16 -50.59 1.0591 2^
_
~ JL._2.5_ 1.0666
15 -H9>35.
,
.
1.0587 26 - 6.19 1.0675
14 -48.30 1 .0584 27 - 5.12 1.0683
13 1.0580 28 - 4.05 1.0692
12 -46.21 1.0576 29_ - 2.98 1.0701
11 -45.17 1.0574 30 - 1.91 1.0710
10 -44.14 1.0571
I
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TABLE 2 (Continued)
Heat of Liquid. Specif ic Heat
.
Heat Of Liquid. Specific Heat
.
31 - .84 1.0720
. 71 '+3.27 1,1372
52 + .25 1.0731 72 44.35 1.1394
_33 + 1.34 1.0742 33 45.53 1.1417
34 + 2.4-1 1.0752 74 46,68 1.1440
35 + 3.48 1 .0 763 75 47.84 1.1464
36 + 4,56 1.0775 76 48.00 1.14-88
57 + 5.64 1.0786 77 50.1.3 1.1513
38 + 6.72 1.0798 78 51.27
.
1.1537
39 + -7 .SO 1.0811 79 52.45 1.1562
4o 8.88 1.0824- 80 53.60 1.1587
9.97 1.0836 81 54.77 1.1613
42 11.07 1.0849 82 55.93 1.1638
12.16 1.0863 83 57.07 1.1664-
1.0817 84
.
58 .25 1.1690
14.35 1.0892 85 59.45 1.1717
46 15.44 1.0906 86 60.61 1.1745
47 16.53 1 .0921 87 61 . SQ 1.1792
48 17,63 1.0936 88 62 ._°8 1.1800
If 18.72 1.0952 S£ 64,15 1.1828
_50 19,80 1.0968 90 65v33 1,1856
51 20.89 1.0984 91 66.51 1,1883
52 21.98 1.1000 _9_2 67.70 1.1914
53 23.08 1 . 1017 68,89 1.1943
2^.19 1.1035 94 70.0.9 1.1972
55 25.30 1,1052 95 21,28 1.2002
56 26.41 1 .1070 36 72.47 1.2031
57 27,52 1 .1088 97 73.66 0.2062
58 28.63 1.1106 98 74.86 1.2093
59 29.74 1 .1125 99 76.07 1.2124
60 30.86 1 . 1 144 100 ^7.30 1,2156
61 31.98 1.1163 101 78.52
... .
1.2187
62 33.10 1.11SJ 102 1.2219
65 34 ,22 1.1203 103 80,SJ 1.2251
64 35.^4 1.1222 104 62 .20 1.2284
65 36 .JU 1.1242 105 83.42 1.2317
66 37 . 60 1.1263 106 84.65 1.2350
_
67 38.73 1.1285 107 85.87 1 .2383
68 39-87
..
1.1306 108 82.10 1.2416
69 4l,oi 1.1328 109 38.34 1.2450
42.14 1.1350 110 89.57 1.2485
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TABLE 2 ( Cent inued
)
Heat of Liqu id. Specif ic Heat . Heat of Liqui d . Specific Heat..
Ill 90.81 1.2520 151 144 . 32 1.4-170
112 92 .06 1.2555 152 145. 75 1.4-216
113 93-33 1.2591 . , 153 14-7.20 1,4-263im 94-. 60 1.2627 1^4 14-8.65 1.4-312
I" 95.86 1.2663 155 150.12 1.4-361
116 97.12 1.2699 156 151.57 1.4-4-09
117 98.39 1.2636 157 ... 1.53.03
,
.
.
1.4457
US 99-68
.
1.2773 158 .154.52
. .
.1 ^.5_05_
119 100.97 1.2810 159 156.02 1.4-553
120 102.25 1.28*7 160 151^52. . 1,5001
121" 103 -54
TOO 1 nilx U2 .00 1 O QOLL
T O ~Z luo • X X X . c. J 5
±c 4- XU / . H-vj X « 7UUc.
"1 c125 inO -7-1 X . rX
i o<1 .LIU . U M- x , 7U0U
1 97 i ^l ?n
128 11?. .69 1,3160
129 114.01 1.3201
130 11 5. 33 1.3242
131 116.66 1.3283
132 118 .01 1,3324
m- 119..35120.69 1.33651,3407
IV? 122 .03 1.3450
136 123.38 1.3493
, . .
137 12^.75 1.3535
,
.
138 126.10 1.3578
139 12 7,46 1.3622
14-0 128.83 1.3666
1*1 130.20 1.3710
14-2 131.59 1.3710
14-3 132.99 1.3754
14-4 134.4-0 1 .3798
14-5 135 -SI 1.3843
146
.
137.23 1.3889
14-7 138.65 1,3981
llS. 14-0.06 1,4028
149 141.48 1.4075
150" ' 142,90 1.4122

(U2)
Specif ic Heat of Liquid Ammonia
.
The specific heat of a substance is defined a; : the ratio of
the thermal capacity of the substance to that pf water at
some chosen standard temperature. Since the thermal capacity
for water at 17.5° C = 1 cal. the specific heat is equal to
the thermal capacity, for a unit weight. Since the specific
heat of water equals the termal capacity we are enabled to say
that dg_ = the specific heat,
dt
By neglecting the effect of external worK the value of 1
is very nearly equal to q, so as Dietorici has done we will,
i.e. malce di»= the differential of the equation:-
3
/.o5S-<? ZJt + o. oooa/^a^Z-t^ ± o. ooooaS-/8/93t - 33.63
/» etc
_
/o55<7S. ±o.oooo3?73t -+ o. oooo/5S6738 t zU
^ J* ~
Values for each 5° interval were calculated from this equation
and curves were plotted "between instantaneous specific heat
and temperature, to a very large scale. From this curve the
values found in Table 2 were determined. A much reduced curve
is shown in Plcte 4.



CHAPTER III.
DISCUSSION.
Experimental invest igations
.
The care with which the various investigators did their
work had much to do with the accuracy of the results that they
determined. The method had very little to do with the degree
of accuracy obtained. This is borne out "by a comparison of
the work of van strombeck with that of Ludeking and Starr. The
value for the specific heat obtained "by van Strombeck agrees
well with that obtained "by Drewes, who exerted every effort to
have his experiments carried out with accuracy and precision.
The value obtained by Ludeking and Starr differs so widely from
that obtained by the other experimenters that it causes one to
doubt the accuracy of their work. The value, for specific heat
of liquid NH 3 , obtained by Elleau and Ennis is the best
available for the particular temperature at which they experiment-
ed. Diet eric i says that the values obtained by Drewes are not
reliable below 30° C. since the value obtained is nearer the
best points obtained by Drewes we must accept the value found
by Elleau and Ennis at least until more experimental work is
done. The standing of van Strombeck as an experimenter is high,
and since his value is given much credit by Drewes in compari-
son with that which he obtained, this is good proof that his
determination is at present as good as any for the temperature
at which he worked. -His determination is higher than that of
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Drewes, but there is no way at present to decide which is the
nearer correct. The method employed by Drewes is slightly
different from that used by the others. The electrical measure-
ment of temperature gave a higher degree of accuracy, because
the absorption of heat by the glass in the thermometer and
because the conduction of heat to the outside is eliminated.
In his preliminary tests he determined the specific heat of
the glass in the tubes which he used, while the others did not
tafce this precaution.
Results .
The equation, which the writer has found to satisfy the
values, obtained in Chapter II for the heat of the liquid
ammonia , is
The equation obtained from the above for the instantaneous
specific heat is , a
Diet eric i's equation for the instantaneous specific heat
of the liquid ammonia is
Cc r /.//8to.ooe°4-t in degress C.
CVc tjt9 to degrees P.
The writer 1 s and Dieterici's equations are plotted on
Plate 6. Talcing into consideration the fact that Dieter ici's
equation is of the first order that the other equation is of
the second order; the agreement is as good as could be expected

U6)
By studying Slate 5 in order to see now Dieterici's equation
for the mean specific heat agrees with Drev/es experimental
values and then "by examining the relation of the two curves in
Plate 6 one can see that the writer's equation would agree
equally as well for the values for instantaneous specific heat
as would Dieterici's equation. From the equations previously
proposed for the specific heat of liquid ammonia, it would
seem that the value ought to decrease as the temperature is
lowered. From the equation determined "by the writer it is
shown that the value for specific heat has a minimum at 0°F.
and increases as the temperature is either lowered or increased.
This of course cannot "be definitely defended "because of the
lacK of experimental data for the specific heat at the lower
temperatures. The specific heat of water varies in a manner
similar to that which the writer's equation indicates. From
the law of corresponding states we have reason to "believe that
the specific heat of liquid ammonia varies similarly. In view
of the fact that we are yet in ignorance as to the value of the
specific heat of liquid ammonia at temperatures lower. than 10°
C, or ^-0° F., the writer's equation seems as good as any yet
proposed. The specific heat of any liquid should "be infinite
at the critical temp rature. By examining the first degree
equations proposed by the various investigators, it is evident
that they will give only a small quantity for the specific heat
at the critical temperature, which according to Vincent and
Chappuis is 268° F. By an examination of the writer's equation
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(it will "be seen that it has the advantage of giving larger
and larger values until the critical temperature is reached.
The value, at the critical temperature, calculated from this
equation would net he infinite hut yet it would he much larger
than the values calculated from any of the proposed first
degree equations.
In view of the fact that the ahove determined equation
agrees with the values ohtained experimentally as well as any
yet proposed, and since it is of the form to hetter agree with
the present theory; the writer "believes that his equation is
as good as any yet proposed.
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CHAPTER IV.
CONCLUSION .
.
Experiments are at present "being carried on at the
Massachusetts Institute of Technology in which the value of
the specific heat of liquid ammonia is being determined. It
is to he hoped that they will he ahle to cover a wide range
of temperature. As there are no reliable data for the heat
of the liquid and the specific heat at the lower temperatures
it is quite necessary that some very capable experimenter
do work along this line.
Ms


